Abstract Bimetallic Fe/Ni nanoparticles were synthesized and used for the removal of profenofos organophosphorus pesticide from aqueous solution. These novel bimetallic nanoparticles (Fe/Ni) were characterized by scanning electron microscopy, energy-dispersive X-ray analysis spectroscopy, X-ray diffraction, and Fourier transform infrared spectroscopy. The effect of the parameters of initial pesticide concentration, pH of the solution, adsorbent dosage, temperature, and contact time on adsorption was investigated. The adsorbent exhibited high efficiency for profenofos adsorption, and equilibrium was achieved in 8 min. The Langmuir, Freundlich, and Temkin isotherm models were used to determine equilibrium. The Langmuir model showed the best fit with the experimental data (R 2 = 0.9988). Pseudo-first-order, pseudo-second-order, and intra-particle diffusion models were tested to determine absorption kinetics. The pseudo-second-order model provided the best correlation with the results (R 2 = 0.99936). The changes in the thermodynamic parameters of Gibb's free energy, enthalpy, and entropy of the adsorption process were also evaluated. Thermodynamic parameters indicate that profenofos adsorption using Fe/Ni nanoparticles is a spontaneous and endothermic process. The value of the activation energy (E a = 109.57 kJ/mol) confirms the nature of the chemisorption of profenofos onto Fe/Ni adsorbent.
Introduction
Pesticides are chemical and biological substances used to control weeds, insects, and other pests and minimize loss for agricultural products. Despite their important role in agriculture, unsystematic utilization of chemical pesticides causes significant environmental problems (Meyer 2005) . Organophosphates are widely used as insecticides and acaricides (Edwards 1973) . Research has determined that the agricultural runoff is the main source of pesticide, and under suitable environmental conditions, they can persist long term in environmental compartments (Ali and Jain 2001; Ragnarsdottir 2000) . These compounds are hazardous to the environment (Gallo and Lawryk 1988) .
Profenofos (PFF) is a highly active organophosphorous pesticide (OPP). Long-term exposure to water polluted with PFF is harmful to human health. OPPs significantly inhibit acetylcholinesterase activity and promote instability of the erythrocyte membrane (Shi et al. 2012) . Acetylcholinesterase inhibition in the nervous system inhibits respiratory, myocardial, and neuromuscular transmission, which are acute toxicologic effects of OPPs (Perera et al. 2003) . Recently, environmental concerns associated with the aggregation of OPPs in food products and water supplies have focused efforts on expanding safe, accessible, and economically feasible methods for detoxification (Mahboob et al 2013; Sunitha et al 2007) . PFF residue in drinking groundwater resources of rural areas in the northwest of Iran, water and sediments of River Ravi in Pakistan is reported (Shakerkhatibi et al 2014; Mahboob et al 2013) . Wastewater containing OPPs cannot be treated efficiently by biological techniques. The toxicity of PFF for microorganisms makes its biodegradation impossible (Hincapie et al 2005) . Figure 1 shows the chemical structure of PFF.
The adsorption technique is one of the most efficient and promising methods for the removal of pollutants from wastewater due to its inexpensiveness, and ease of operation the adsorbents (Ali 2010 (Ali , 2012 Ali and Gupta 2006; Ali et al 2012; Ali 2014) . Currently, several adsorption approaches are being used to remove organic and inorganic pollutants from aqueous effluents, including phenol removal and recovery (Gupta et al 1998) , dye removal using carbon nanotubes (Gupta et al 2013) , heavy metals remediation (Gupta et al 2015) , pesticides removal from wastewater by activated carbon prepared from waste rubber tire and bagasse fly ash Gupta and Ali 2001) .
Nanoscale zero-valent iron (nZVI) is a powerful alternative reducing agent that is easily accessible, effectively degrades pollutants, and generates very little waste and secondary pollutants (Gillham and O'Hannesin 1994) . Furthermore, application of nZVI for environmental remediation has increased because of its smaller particle size, large specific surface area, higher density of reactive surface sites, and greater intrinsic reactivity of surface sites (Theron et al 2008) .
These nanoparticles have been used for remediation of organic contaminants such as halogenated organics (Xu et al 2014) and dyes (Sohrabi et al. 2015; Zhang et al. 2011) . The nZVI particles tend to react with surrounding media or agglomerate into larger particles in response to its high surface energy and intrinsic magnetic interaction, which results in significant loss of reactivity (Phenrat et al. 2007 ). The nZVI particles easily oxidize or ignite spontaneously when exposed to air (Ponder et al. 2000) , which lowers its chemical reactivity to iron oxide formation. Attempts have been made to increase the efficiency of the redox reaction by decreasing the inactivation effects of the passivation layer (Huguet and Marshall 2009) . Coating nZVI with a metal such as Ag, Pd, Pt, and Ni produces bimetallic nanoparticles. These are an efficient approach which serves as a protective agent against corrosion of the iron surface (Huguet and Marshall 2009) . The prevention or reduction in the formation and accumulation of toxic byproducts is the additional advantage of bimetallic nanoparticles (Hosseini et al. 2011) . Despite the fact that Ni having a weaker catalytic effect compared to Pd and others, its good stability and lower cost make it more suitable for wastewater treatment (Xu et al. 2005 ).
Several authors have studied different properties of PFF pesticide such as their degradation and aggregation in wastewater. Cordeiro studied the PFF degradation in an electrochemical flow reactor using boron-doped diamond anodes (2013). Furthermore, Jabeen studied the PFF degradation by a bacterial consortium (2015) .
The present study evaluated the efficiency of bimetallic Fe/Ni nanoparticles for the removal of PFF pesticide from aqueous solution. Knowledge about the kinetic and mass transfer processes of the adsorption treatment system is essential to its design. The present study reports on the applicability of thermodynamics for the adsorption of profenofos pesticide.
Materials and methods

Materials
The following materials employed in this study were purchased from Merck (Germany): sodium borohydride (NaBH 4 ), ferric chloride hexahydrate (FeCl 3 6H 2 O), and nickel (II) nitrate hexahydrate (Ni(NO 3 ) 2 .6H 2 O). Sodium hydroxide (NaOH) and hydrochloric acid (HCl) were used for pH adjustment and were purchased from Merck (Germany). All other chemicals were of analytical grade. Profenofos (molecular formula: C 11 H 15 BrClO 3 PS) with a molar mass of 373.63 and 400 (g/l) was purchased from National Farmer Chemicals (Iran).
Preparation of Fe/Ni bimetallic nanoparticles
The nZVI particles used in this study were chemically synthesized using liquid-phase reduction (Frost et al. 2010) . The experiments were carried out applying N 2 atmosphere, and all the aqueous solutions were prepared with the distilled, deionized water (DDW). Sodium borohydride solution (100 ml, 0.3 M) was added at the speed of 1-2 drops per second drop wise into ferric chloride solution (250 ml, 0.1 M), and the product was mixed vigorously using a mechanical stirrer. The resulting reaction is (Sun et al. 2007 ):
Black particles of nZVI appeared immediately after introducing the first drop of NaBH 4 solution. The generated iron particles were separated and washed with DDW. To prepare the bimetallic Fe/Ni nanoparticles, specific amounts of freshly prepared nZVI and Ni (NO 3 ) 2 Á6H 2 O Fig. 1 Chemical structure of PFF (5 wt%) were stirred in 250 ml DDW for 20 min at room temperature. The process is represented by the following equation:
Separation and washing were similar to the process for nZVI. Fe/Ni bimetallic nanoparticles were dried under N2 atmosphere.
Characterizations and methods
Scanning electron microscopy (SEM) and energy-dispersive X-ray analysis (EDAX) (Philips, ESEM, XL 30) were used to characterize the Fe/Ni bimetallic nanoparticles, the morphology, size and surface chemical composition, respectively.
X-ray powder diffraction (XRD) was performed using a Cu Ka radiation to determine the composition of the newly synthesized Fe/Ni bimetallic nanoparticles. The accelerating voltage was 40 kV and applied current was 30 mA.
FTIR spectra of Fe/Ni nanoparticles before and after reacting with PFF were obtained using Fourier transform infrared spectroscope (FTIR Nicolet 8700, Thermo Scientific). Samples for FTIR measurement were prepared by mixing 1 % (W/W) specimen with 100 mg of KBr powder and pressed into a sheer slice. A spectral resolution of 2 cm -1 and average of 32 scans were used for each measurement. The reaction was followed by double-beam UV-Vis spectrometry using a 1-cm quartz cell (Cary 100; Varian) at k = 263 nm.
PFF residue analysis was accomplished using mass spectrometry (MS/MS-Agilent G6410) equipped with triple quadrupole mass spectrometer in positive ESI mode.
PFF adsorption studies using Fe/Ni bimetallic nanoparticles
Adsorption of PFF by Fe/Ni bimetallic nanoparticles was carried out using the batch method, and the influence of contact time (2-20 min), adsorbent dosage (7-17 g/l), pH (2-8.36), initial pesticide concentration (0.6, 1, 1.2, and 1.4 mg/l), and temperature (298, 308, and 318 K) was studied. The adsorption measurements were taken by mixing various amounts of Fe/Ni bimetallic nanoparticles in glass Erlenmeyer flasks containing 100 ml of pesticide solution of known concentration. The pH of the solution was adjusted to the desired value by adding a small amount of HCl (0.1 M) or NaOH (0.1 M). At the end of determined time interval, samples were collected and the supernatant solution was separated from the Fe/Ni nanoparticles by centrifugation at 3000 rpm for 15 min. The adsorption capacity of PFF on the adsorbent was calculated as (Mourabet et al. 2014 ):
where C 0 is the initial PFF concentration in solution (mg/l), C t is the PFF concentration at t min (mg/l), V is the volume of pesticide (l), and W is the weight of adsorbent (g). The isotherm parameters were evaluated using Polymath 6.0 software and are shown in Table 1 . The correlation coefficient (R 2 ) and adjusted correlation coefficient (R 2 adj Þ were used to determine whether a model correctly represents the data. The correlation coefficient approached one and was also close to ðR 2 adj Þ; thus, it was concluded that the regression model was correct. Variance (S 2 ) and root mean square error (RMSD) were used to compare the isotherm models for adsorption of PFF using Fe/Ni bimetallic nanoparticles. A model with less variance and RMSD more accurately portrays the data. The average observations of (y), R 2 , R 2 adj values, RMSD, and S 2 were calculated using Eqs. (4-8), respectively: where n is the number of observations, p is the independent variable, y i is a specific observation, obs denotes observed data, and calc denotes calculated data. R 2 , R 2 adj , S 2 , and RMSD for each model were calculated at the 95 % confidence interval for PFF adsorption onto Fe/ Ni bimetallic nanoparticles; the results are shown in Table 1 .
Experiment of nickel ion leaching
Ten 100-ml flasks were used in this experiment. In every flask, 0.5 g of Fe/Ni bimetallic nanoparticles (5 wt%) and 100 ml of PFF solution were added. The experiment conditions were as follows: temperature, 26 ± 2°C; initial pH, 5.7; initial PFF concentration, 1 mg/l; Fe/Ni dosage, 1 g/l; speed of stirring, 200 rpm. Every 3 min, one flask was taken out and the solution was filtered by 0.45-lm filtration membrane. 1 ml of hydrochloric acid (1 mol/l) was added into the filtered solution. Then, the Ni content in the solution was analyzed by flame atomic absorption (PerkinElmer 2380).
Results and discussion
Characterization Figure 2a shows the morphology and size of the nanoscaled bimetallic particles. The SEM image indicates that the Fe/Ni nanoparticles are approximately spherical and form chains resulting from the magnetic interaction between nanoparticles. The results show that the Fe/Ni particles are 20-60 nm in diameter, and the diameter of the particles is \60 nm. Figure 2b shows the results of EDAX analysis and indicates that Fe, Ni, and O are present on the nanoparticle surface. Figure 2c shows the XRD pattern of the Fe/Ni synthesized nanoparticles. An apparent peak at 2h = 44.9°indicates the presence of nZVI in the samples; however, the peak at 40.9°c orresponds to iron and nickel due to face-centered cubic crystal structures, suggesting the possibility of Fe/Ni alloy formation (Brijesh et al. 2011) . Also, the peak at 2h = 44.8°c orresponds to Fe/Ni nanoparticles. Furthermore, iron oxide layers such as c-Fe 2 O 3 (2h = 35.68°) and Fe 3 O 4 (2h = 35.45°) were formed on Fe/Ni nanoparticles (Wang and Zhu 2007; Weng et al. 2013 ). This can be explained by the corrosion of Fe as a reductant to form oxide of Fe (II) and Fe (III), and PFF adsorbed on iron oxides (Gupta and Nayak 2012) . The average crystallite size evaluated from Schere equation confirmed SEM results. The FTIR spectra in the wave numbers ranging from 400 to 4000 cm -1 regarding Fe/ Ni nanoparticles, before and after reacting to PFF, are presented in Fig. 3a, b , respectively. As shown in the Fig. 3a , b, there are wide and large absorption bands around the 3400 cm -1 , which are mainly caused by the adsorbed water on the surface and stretching vibration of O-H in the H 2 O (Saleh and Gupta 2012a, b; Fig. 3a , b which was consistent with the results obtained from XRD (Liu et al. 2013) . As shown in Fig. 3b . the weak bands at 2962 cm -1 , characteristic of stretching of aliphatic C-H (Taha et al. 2014) . The appeared peaks around 1471 and *1300 were due to the various vibrations of -CH 2 and -CH 3 groups. The intense band at 1021 cm -1 is due to stretching of P-OCH 3 group (Singhal et al. 2012) , and P=O stretching frequency was appeared around 1229 (Upadhay et al. 2013) . Results obtained from the FTIR spectra indicate the PFF adsorption using Fe/Ni bimetallic nanoparticles.
Effect of contact time
The influence of contact time on the adsorption capacity of Fe/Ni bimetallic nanoparticles is depicted in Fig. 4a . Figure 4a shows that the adsorption of PFF increased as the time increased and attained saturation at about 8 min. Saturation of the absorption sites onto the absorbent during this time did not change PFF removal efficiency. The removal of adsorbate was rapid, but it gradually decreased over time until it reached equilibrium. An initial concentration of pesticide of 1 mg/l (Mane et al. 2007 ) was used to investigate the kinetics of adsorption. PFF degradation by bacterial consortium was reported less than 90 % in 5 days (Jabeen et al. 2015) . However, Fe/Ni bimetallic nanoparticles show a good ability to remove PFF from aqueous solution, approximately 96 % removal after 16-min contact time.
Effect of initial concentration
The effect of the initial concentration of PFF was varied from 0.6 to 1.4 mg/l at room temperature for all runs; the Fe/ Ni nanoparticle content was fixed at 10 g/l. The PFF uptake mechanism is dependent on the initial concentration of PFF. Figure 4b shows that the adsorption of PFF increased as the initial concentration increased at lower concentrations of PFF. This was probably the result of a higher mass transfer driving force from the increase in the number of molecules competing for the available binding sites on the adsorbent as the initial concentration of PFF increases (Fan et al. 2011 ). This trend reversed at higher concentrations in the experimental range. This can be attributed to the decrease in the adsorption caused by the increase in PFF concentration after saturation of the binding sites.
Effect of initial pH
The effect of pH was investigated for an initial concentration of PFF at 1 mg/l and Fe/Ni nanoparticles concentration of 10 g/l. The initial pH values were adjusted using 0.1 M HCl and 0.1 M NaOH to form a series of pH values ranging from 2 to 8.36 (Fig. 4c) . The adsorption capacity of the PFF increased as the pH of the solution increased from (2-7) and a maximum efficiency was observed at pH 7. However, adsorption capacity decreased by increasing the pH to 8.36. This result could be attributed to the pH zpc (zero-point charge) of the Fe/Ni nanoparticles. The zeropoint charge for Fe/Ni bimetallic nanoparticles was about 7.3. Thus, at pH \ 7.3, the surface of Fe/bimetallic nanoparticles is relatively positive due to protonation (Saleh 2015a, b) . The decrease in PFF removal with a decrease in pH from 5 to 2 can be attributed to protonation of the PFF molecules, repulsion forces from like charges (positive) on the catalyst surface, and PFF molecules with lower pH. Therefore, columbic or electrostatic interactions do not favor the sorption of PFF ). However, hydroxide precipitation formed gradually when the solution pH was high; this blanketed the Fe/Ni shell and decreased PFF adsorption (Sohrabi et al. 2015) . Thus, the change in pH can influence the adsorption of PFF molecules on to the Fe/Ni nanocomposite surface. The adsorption is considered to be the important step for PFF removal (Saleh and Gupta 2012a, b) .
Effect of adsorbent dosage
The Fe/Ni nanoparticle concentration was varied from 0.7 to 1.7 g to study the effect of the adsorbent dose at room temperature. For all runs, the initial concentration of PFF was fixed at 1 mg/l. Fig. 4d shows the effect of Fe/Ni dosage on PFF adsorption. The adsorption efficiency increased as the adsorbent dosage increased. This was likely the result of the increased surface area and adsorption sites for the constant number of PFF molecules (Ozacar and Sengil 2005; Rasoulifard et al. 2010) . Figure 4d indicates that the adsorption capacity of Fe/Ni nanoparticles decreased as the adsorbent dosage increased to above 8 g/l Fe/Ni. This decrease could be the result of aggregation at the adsorbent surface and an increase in diffusion path length (Gonen and Serin 2012; Ozacar and Sengil 2005) .
Effect of temperature
Temperature was varied from 298 to 318 K to study the effect of temperature on PFF adsorption (Fig. 4e) . The adsorption capacity of PFF onto Fe/Ni nanoparticles increased slightly as temperature increased, indicating that the process is endothermic. This can be explained by the increased adsorptive interaction between the active sites on the adsorbent and the adsorbate ions (Dogan and Alkan 2003) . 
Adsorption isotherms
The equilibrium adsorption isotherm is essential to understanding the mechanism of the adsorption systems. The Langmuir, Freundlich, and Temkin isotherm equations were used to interpret the experimental data.
Langmuir isotherm
The Langmuir isotherm (Hameed 2009 ) theory is based on the assumption that adsorption on the homogeneous surface, i.e., the surface, consists of the identical sites equally available for adsorption and with equal energies of adsorption. The adsorbent becomes saturated after one layer of adsorbate molecules forms on the surface (Walker and Weatherley 2001) . The linearized form of the Langmuir adsorption isotherm equation is:
where C e is the equilibrium concentration of the solute (mg/l); q e is the equilibrium adsorption capacity (mg/g); q m is the maximum adsorption capacity (mg/g); and K L is the Langmuir adsorption model constant (L/mg). Figure 4a shows the Langmuir adsorption isotherm for PFF onto Fe/Ni nanoparticles. As shown in Fig. 5a and Table 1 , the Langmuir isotherm fits quite well with the experimental data (R 2 = 0.9988459). The maximum adsorption capacity (q m ) for this model was 0.2020 mg/g at 298 K. The Langmuir isotherm may fit the experimental data well because of the homogeneous distribution of active sites on the surface of the Fe/Ni, since the Langmuir equation assumes that the surface is homogenous.
The essential characteristics of the Langmuir isotherm can be expressed in terms of a dimensionless constant separation factor, or equilibrium parameter R L , which is defined as (Hall et al. 1966 ):
The value of R L indicates that the isotherm is either
, where C 0 and K are initial concentrations of PFF and Langmuir adsorption model constant, respectively. Figure 5b plots the separation factor at different concentrations and indicates that the adsorption of PFF using Fe/Ni nanoparticles is favorable at all equilibrium concentrations.
Freundlich isotherm
Freundlich isotherm is an empirical equation that represents adsorption on heterogeneous surfaces. It assumes that increases in adsorbate concentration increase the concentration of the adsorbate onto the adsorbent surface. This isotherm model is applicable for both multilayer (physisorption) adsorption and monolayer (chemisorption) (Boparai et al. 2011) . The linearized Freundlich isotherm is given as:
where C e is the equilibrium concentration of the solute (mg/l), and q e is the equilibrium adsorption capacity (mg/g). Freundlich isotherm constant K f denotes the quantity of adsorbate adsorbed onto the adsorbent for a unit equilibrium concentration, and the value ( 1 n ) indicates the heterogeneity of the system. In general, values for n in the range of 1-10 indicate that the adsorbate was favorably adsorbed onto the adsorbent; n \ 1 indicates that the adsorbate was inadequately adsorbed onto the adsorbent ).
The results from Freundlich analysis are shown in Table 1 and indicate that PFF was favorably adsorbed onto the Fe/Ni nanoparticles. Figure 5c shows the Freundlich isotherm of PFF onto the Fe/Ni nanoparticles. R 2 for this isotherm (0.897612) was not close enough to 1 and indicates that the Freundlich isotherm could not predict the experimental data.
Temkin isotherm
The Temkin isotherm assumes that the heat of adsorption of all molecules in the layer decreases linearly with coverage in response to adsorbent-adsorbate interaction and that adsorption is characterized by the uniform distribution of the binding energies up to a maximum binding energy. The linearized equation is (Temkin and Pyzhev 1940) :
where C e is the equilibrium concentration of solute (mg/l), q e is the equilibrium adsorption capacity (mg/g), B ¼ RT DQ denotes the heat of adsorption, T is the absolute temperature (K), R is the universal gas constant (g/g mol K), DQ is the heat of adsorption (J), and K T is the equilibrium binding constant (l/mg). Figure 5d shows the Temkin isotherm of the PFF adsorption onto Fe/Ni nanoparticles. The value of R 2 = 0.9092 in Table 1 indicates that the Temkin model did not fit well the experimental data for adsorption of PFF.
Adsorption kinetics
The pseudo-first-order, pseudo-second-order, and intraparticle diffusion models were applied to the data to analyze the adsorption kinetics of PFF. All the parameters of the pseudo-first-order and pseudo-second-order adsorption kinetic models and the intra-particle diffusion model were determined using Polymath 6.0 and are listed in Table 2 . For the isotherm studies, to determine the goodness of fit, R 2 , R 2 adj , S 2 , and RMSD were calculated and are shown in Table 2 . All parameters were calculated at the 95 % confidence interval. The plots of the experimental data and results obtained from two kinetic models and intra-particle diffusion are shown in Fig. 6a -c. 
Pseudo-first-order model
The pseudo-first-order, or Lagergren first-order, rate equation is widely used for the sorption of a solute from a liquid solution (Jianlong et al. 2001) and is represented as:
where q e is the amount of PFF adsorbed at equilibrium (mg/g); q t is the amount of PFF adsorbed at time t (mg/g); and k 1 is the first-order reaction rate constant (1/min). The pseudo-first-order equation considers the rate of occupation of adsorption sites to be proportional to the number of unoccupied sites.
Pseudo-second-order model
The adsorption kinetics can be described using a pseudosecond-order equation (Wu et al. 2001) . The pseudo-second-order kinetic model assumes that the reaction rate is fast at first and becomes slower after reaching equilibrium; the reaction can continue for an extended period at this speed. This model is useful for explaining both nonchemical and non-physical equilibrium and is based on the adsorption capacity of the adsorbent (Febrianto et al. 2009 ). The differential equation is:
where q e and q t are defined as in the pseudo-first-order model, and k 2 is the rate constant of the pseudo-second-order model for adsorption (g/mg min) (Wang and Zhu 2007) . Figure 6b plots the linearized form of the pseudo-second-order model at all concentrations studied. The results in Table 2 indicate that the pseudo-second-order kinetic model with larger R 2 values is in good agreement with the experimental data than the pseudo-first-order kinetic model. The better fit to the pseudosecond-order model suggests that the adsorption rate is more dependent on the availability of adsorption sites than on the concentration of PFF in solution (Liu et al. 2008 ).
Intra-particle diffusion model
The intra-particle diffusion model assumes the possibility of adsorbate transport into the pores of the adsorbent via (c) Fig. 6 a Pseudo-first-order kinetic, b pseudo-second-order kinetic, and c intra-particle diffusion plots for adsorption of PFF onto Fe/Ni bimetallic nanoparticles batch mode adsorption (Sheela and Arthoba Nayaka 2012). The intra-particle diffusion model is expressed as (Demirbas et al. 2002) :
where C i is the intercept that approximates the boundary layer thickness and where a large intercept indicates a greater boundary layer effect, and k i is the intra-particle diffusion rate constant (mg/g min 0.5 ) which can be evaluated from the slope of the linear plot of q versus t 1 2 (Ozcan et al. 2006) .
In this model, the plot of uptake will be linear if intraparticle diffusion is involved in adsorption; if these lines pass through the origin, then intra-particle diffusion is the rate-controlling step. If the plots do not pass through the origin, there is some degree of boundary layer control, and this further shows that intra-particle diffusion is not the only rate-limiting step. Other kinetic models may control the rate of adsorption and could all be operating simultaneously (Hameed and Daud 2008) ; however, the linear plots at each concentration did not pass through the origin ( Fig. 6c ; Table 2 ). This indicates that intra-particle diffusion was not the only rate-controlling step.
Thermodynamics
The spontaneity of a process can be determined by thermodynamic parameters such as changes in enthalpy (DH°), free energy (DG°), and entropy (DS°). A spontaneous process will show a decrease in DG with an increase in temperature (Ngah and Hanafiah 2008) . The thermodynamic parameters of DG°(J/mol), DH°(J/mol), and DS°(J/ K mol) are determined using the following relationships:
where K°is the equilibrium constant, T is the absolute temperature (K), and R is the gas constant. DH°and DS°w ere obtained from the slope and intercept of plot lnK°v ersus 1/T. Figure 7 shows the effect of temperature on the adsorption of PFF onto Fe/Ni nanoparticles (van't Hoff plot). The observed thermodynamic values are listed in Table 3 . The negative value of DG at all temperatures indicates the spontaneous nature of adsorption of PFF onto Fe/Ni. The negative DG°values indicate that all solutes will remain in the stationary phase rather than in the mobile phase. Solute transfer from the mobile to stationary phase is enthalpically favorable. The positive value of DS indicates the increased randomness at the solid-solution interfaces during adsorption and confirmed the high preference of PFF adsorption onto Fe/Ni. The positive value of the change in enthalpy indicates the endothermic nature of adsorption.
The pseudo-second-order model was identified as the best kinetic model for adsorption of PFF onto the Fe/Ni nanoparticle surface. Accordingly, the rate constant (k 2 ) of the pseudo-second-order model was adopted to calculate the activation energy of adsorption using the following Arrhenius equation (Dogan and Alkan 2003) :
where k 2 (g/mg min) is the rate constant for the pseudosecond-order adsorption kinetics, A (g/mg min) is the temperature-independent Arrhenius factor, E a (kJ/mol) is the activation energy, R (8.314 J/mol K) is the gas constant, and the T (K) is the temperature. The activation energy was determined from the slope of the plot of lnk 2 versus 1/T and was 109.57 kJ/mol (R 2 = 0.9924) at 298 K for PFF adsorption onto the surface of the Fe/Ni nanoparticles. The magnitude of the activation energy yields information on the physical or chemical nature of adsorption. Physisorption usually has energies in the range of 5-40 kJ/mol; higher activation energies (40-800 kJ/mol) suggest chemisorption (Nollet et al. 2003) . The value of the activation energy confirms the nature of the chemisorption of PFF onto Fe/Ni adsorbent. 
MS spectroscopy results of PFF removal
To investigate the PFF removal using Fe/Ni bimetallic nanoparticles, LC/MS analysis was carried out on PFF before and after reaction within 16 min. PFF exhibited a strong peak of m/z at 303 before reaction with the peak area of 1,670,892. Moreover, a very weak peak of m/z at 303 with the peak area of 60,559 confirmed PFF removal using Fe/Ni bimetallic nanoparticles is significant.
Conclusion
The present study confirms that Fe/Ni bimetallic nanoparticles can be successfully used as an adsorbent for quantitative removal of PFF from aqueous solutions. Equilibrium data were well-fitted to the Langmuir model of adsorption, indicating monolayer coverage of PFF molecules on the outer surface of the Fe/Ni nanoparticles. R L was 0-1, which confirms that the synthesized Fe/Ni bimetallic nanoparticles were favorable for adsorption of PFF pesticide. The results obtained by comparison of kinetic models of the adsorption system which followed the pseudo-second-order kinetic model suggest that the adsorption rate was more dependent on the availability of adsorption sites than on the concentration of PFF in the solution. Thermodynamic parameters indicate a spontaneous and endothermic process.
